We present quantum dynamical calculations on the conformational changes of glycine in collisions with the He, Ne, and Ar rare-gas atoms. For two conformer interconversion processes ͑III→ I and IV→ I͒, we find that the probability of interconversion is dependent on several factors, including the energy of the collision, the angle at which the colliding atom approaches the glycine molecule, and the strength of the glycine-atom interaction. Furthermore, we show that attractive interactions between the colliding atom and the glycine molecule catalyze conformer interconversion at low collision energies. In previous infrared spectroscopy studies of glycine trapped in rare-gas matrices and helium clusters, conformer III has been consistently observed, but conformer IV has yet to be conclusively detected. Because of the calculated thermodynamic stability of conformer IV, its elusiveness has been attributed to the IV→ I conformer interconversion process. However, our calculations present little indication that IV→ I interconversion occurs more readily than III→ I interconversion. Although we cannot determine whether conformer IV interconverts during experimental Ne-and Ar-matrix depositions, our evidence suggests that the conformer should be present in helium droplets. Anharmonic vibrational frequency calculations illustrate that previous efforts to detect conformer IV may have been hindered by the overlap of its IR-absorption bands with those of other conformers. We propose that the redshifted symmetric −CH 2 stretch of conformer IV provides a means for its conclusive experimental detection.
I. INTRODUCTION
Glycine is the simplest amino acid. 1, 2 Because of its biological relevance and small size, it is a valuable prototype for the theoretical and experimental studies of molecular conformation. Moreover, the recent detection of glycine in the interstellar medium has intensified interest in its gasphase dynamics. 29 Extensive electronic structure theory studies predict glycine to have numerous stable conformers arising from internal rotation about its three torsional modes, [11] [12] [13] but only three of these conformers have been conclusively observed in experiment. [18] [19] [20] [21] [22] [23] In the current paper, we present a theoretical study of collision-induced conformational changes in glycine and consider evidence for the population of a fourth conformer. Figure 1͑a͒ presents the experimentally observed conformers of glycine and their thermal populations at 438 K, as determined from the integrated ͑C v O͒ bands of the infrared vibrational spectrum taken in a low-temperature neon matrix. 22 We recently used the quantum torsional pathintegral Monte Carlo ͑TPIMC͒ method 30, 31 to accurately reproduce the observed populations of conformers II and III. 26 However, in addition to the three conformers shown in Fig. 1͑a͒ , our calculations predicted a fourth conformer of glycine ͓Fig. 1͑b͔͒ to be substantially populated. We found that agreement for the population of conformer I was reached only after assuming that the total population of conformer IV interconverts to conformer I prior to spectroscopic measurement. These results are summarized in Table I . Conformer interconversion is a complication often encountered in the gas-phase spectroscopy of biological molecules. 17, [32] [33] [34] [35] It arises from the need to both ͑a͒ heat the sample of molecules to obtain a gas-phase concentration that is sufficient for spectroscopic measurement and ͑b͒ cool the molecules to obtain a clear spectrum. This is illustrated for a typical IR or microwave spectroscopy experiment in Fig. 2 . In the upper panel, an oven is used to vaporize a sample of the molecules of interest in the presence of an inert gas, providing an equilibrium Boltzmann distribution of conformers and vibrational/rotational states. The molecules are then cooled for spectroscopic analysis via, for example, free-jet expansion in which collisions with the carrier gas quench the vibrational/rotational states of the sample. [36] [37] [38] The lower panel of Fig. 2 illustrates how the original conformer distribution in the oven can change during this cooling process. In the first case, the original distribution collapses vertically, preserving the conformer populations of the high-temperature equilibrium distribution. The molecules are thus vibrationally and rotationally cold but remain conformationally hot. This situation is ideal because it enables the observed populations to be related to the conformer thermodynamics of a known temperature. In the second case, some or all of the population of high-energy conformers interconverts to low-energy conformers, distorting the thermodynamic data obtained from the experiment and giving rise to "missing" conformers.
The degree to which interconversion occurs during cooling is usually associated with the intramolecular potentialenergy surface of the molecule. 17, [32] [33] [34] [35] Conformers with large barriers to interconversion are expected to be trapped during cooling and maintain their original, high-temperature population. On the other hand, conformers exhibiting low-energy pathways leading to more stable structures are more likely to be missing from the final spectrum. Implicit to this argument is the fact that, whereas the original distribution of molecules in the oven is a static property of the molecule, the theoretical description of the cooling process is a dynamical problem. Application of this energy-barrier argument to the conformers of glycine does not seem to explain the fact that conformer III is observed experimentally but conformer IV is missing. By calculating CCSD͑T͒ / 6-311+ + G ** single-point energies at the optimized MP2 / 6-311+ + G ** stationary points, we predict barriers of 3.1 and 2.8 kJ/ mol in the III→ I and IV→ I interconversion pathways, respectively. The small difference in these barrier heights suggests that neither conformer would be substantially more prone to interconversion, so the elusiveness of conformer IV remains a mystery. Figure 3 shows that the interconversion pathways for conformers III and IV are largely associated with individual torsional motions. The III→ I pathway corresponds to internal rotation about the C-C bond ͑ 1 torsion͒, and the IV→ I pathway involves rotation about the C-N bond ͑ 3 torsion͒.
A previous study by Zhang et al. has considered the inelastic scattering of the glycine 1 torsion in collisions Calculated populations are reported with and without assuming the total interconversion ͑IC͒ of the conformer IV population to conformer I.
FIG. 2. Schematic illustration of conformer interconversion.
The upper panel shows a typical experimental setup in which molecules are heated in an oven prior to free-jet expansion and spectroscopic analysis. The lower panel shows the corresponding distribution of conformers. During expansion, the distribution will either experience vertical collapse, preserving the population of high-energy conformers, or it will experience conformer interconversion and exhibit "missing" conformers.
FIG. 3.
Arrows indicate the two interconversion processes considered in this study. The torsional angles ជ = ͑ 1 , 2 , 3 ͒ correspond to intramolecular rotation about the C-C bond, C-O single bond, and C-N bond, respectively. Energies determined by CCSD͑T͒ /MP2/6−311+ +G ** single-point calculations at MP2/6−311+ +G ** -optimized geometries.
with a hydrogen atom. 39 It reported transition probabilities from the vibrational ground state of conformer I to excited vibrational states and found that the mean value of the 1 torsional coordinate varied by up to 25°in the potential well of conformer I. The possibility of conformer interconversion, however, was not addressed. Bowman and co-workers have used quantum scattering calculations to study the isomerization of HCN/HNC in collisions with an argon atom. 40, 41 These studies found relatively small isomerization probabilities that increased substantially for collision energies in excess of the isomerization potential-energy barrier.
We present quantum dynamical calculations of the collision-induced conformer interconversion of the glycine amino acid. We consider both the III→ I and IV→ I interconversion processes for collisions involving the He, Ne, and Ar rare-gas atoms. Although the single-collision processes considered here constitute only a preliminary description of molecular cooling via free-jet expansion or substrate deposition, it is the first quantum-mechanical study of collision-induced conformational changes in a biomolecule of which the authors are aware. Section II presents the scattering theory that we employ in this study, and Sec. III presents the details of our calculations. Finally, Sec. IV presents the results of our calculations and a subsequent discussion.
II. THEORY
In our calculations, we use the torsional close-coupling rotational infinite order sudden ͑TCC-IOS͒ method. Since we have previously used this approach to study torsional dynamics, 42 only the most important details will be highlighted here. For further information, the reader is referred to Ref. 42. The colliding rare-gas atom has spherical polar coordinates ͑R , ⌰ , ⌽͒ with respect to the midpoint of the C-C bond in the glycine molecule. The C-C bond is taken to be the z axis of our coordinate with the N atom lying in the ͑ϩ, ϩ͒ quadrant of the xz plane. The y axis is chosen to obtain a right-handed coordinate system. In our TCC-IOS calculations we assume that the rotation of the target molecule is much slower than the time scale of the collision. Therefore, the infinite order sudden approximation is valid, and we can investigate the collision between glycine and a rare-gas atom for each initial collision geometry ͑⌰ , ⌽͒ separately. Subsequent averaging over all angles ͑⌰ , ⌽͒ yields total-energytransfer probabilities.
Only one torsion at a time is explicitly treated in our scattering calculations. The one-dimensional Hamiltonian for this torsion is
where v j ͑ j ͒ is the torsional potential-energy surface and the torsional moment of inertia I j is defined as in Ref. 42 . Diagonalizing Ĥ j in a suitable basis yields a set of eigenfunctions ͕h i ͑ j ͖͒ and energies ͕E i j ͖ for each torsional mode j. See Sec. III A for the details of this calculation.
The total wave function, ⌿͑R , j , t ; ⌰ , ⌽͒, is subsequently expanded in terms of ͕h i ͑ j ͖͒ as
where s − ͑R͒ are "wrapped" sinc-discrete variable representation ͑DVR͒ basis functions. [43] [44] [45] [46] [47] These functions are nonzero only at the grid points R , where R = ‫ء‬ ⌬ + R min with ⌬ the grid spacing and R min the minimum scattering distance.
The total Hamiltonian for this system is defined as
Inserting Eqs. ͑2͒ and ͑3͒ into the time-dependent Schrödinger equation, iប‫ץ‬⌿ / ‫ץ‬t = Ĥ ⌿, and multiplying by the basis from the left, we get the following equations of motion:
Here,
͑6͒
where the close-coupling matrix elements are evaluated using the same quadrature as used to obtain E i j . The solution of the equations of motion in time gives us the probabilities P i→i Ј j ͑E ; ⌰ , ⌽͒ ͑see Sec. III D͒ for collisioninduced transition between torsional states i and iЈ as a function of the total energy E. The initial collision energy is given from E as E − E i j . From P i→i Ј j ͑E ; ⌰ , ⌽͒ we can calculate average probabilities via
III. COMPUTATIONAL DETAILS

A. Torsional potential and eigenstates
We have previously reported a torsional potential-energy surface V͑ 1 , 2 , 3 ͒ for glycine based on the energies for a 12ϫ 12ϫ 12 grid of torsional angle values. 26 The energy of each grid point was calculated at the MP2 / 6-311+ + G ** level of theory, accounting for the relaxation of the nontorsional degrees of freedom. In the current study, onedimensional ͑1D͒ torsional potential-energy surfaces v 1 ͑ 1 ͒ and v 3 ͑ 3 ͒ were obtained from V͑ 1 , 2 , 3 ͒ by calculating the minimum-energy pathways for III→ I and IV→ I interconversions, respectively. The pathways were calculated at 360 points along the corresponding torsional coordinate, and the points were fitted using periodic functions of the form
The fitting parameters a j,n are reported in Table II . The conformer interconversion barriers calculated using the v j ͑ j ͒ agree well with the reference CCSD͑T͒ calculations reported in the Introduction. Specifically, for the III→ I ͓IV→ I͔ interconversion pathway, the CCSD͑T͒ / 6-311+ + G ** / / MP2 / 6-311+ + G ** value of 3.1 ͓2.8͔ kJ/ mol for the barrier height agrees well with the v 1 ͓v 3 ͔ value of 3.2 ͓3.0͔ kJ/ mol.
For each torsion, the potential v j ͑ j ͒ in Eq. ͑8͒ is used to construct the 1D Hamiltonian Ĥ j in Eq. ͑1͒. The moment of inertia values of I 1 = 123 691.0 a.u. and I 3 = 11 652.3 a.u. is employed as in the previous work. 26 Eigensolutions of the Ĥ j are obtained by diagonalization in the basis of functions ͑1/ ͱ 2͒e ±ik , k =0,1, ... ,1000. Figure 4 presents the 1D torsional potential curves ͓Eq. ͑8͔͒ and their corresponding eigenfunctions. Each eigenfunction plotted in the figure is vertically translated according to its eigenvalue.
The potential curve for the C-C torsion ͑Fig. 4, left panel͒ has minima at 1 = 180°for conformer I and at 1 = ± 30°for the symmetric, nonplanar geometries of conformer III. This torsional potential curve differs from the one presented in Ref. 39 in two ways: it exhibits double-well character for conformer III and has a substantially lower barrier to interconversion ͑3 kJ/ mol vs 3 kcal/ mol͒. The differences are attributed to the fact that the potential curve presented in the current study is calculated at a different level of theory, employing a substantially larger basis set, and accounts for the adiabatic relaxation of the rest of the molecule as a function of the torsional coordinate. The relatively small barrier that we calculate for III→ I interconversion is more consistent with the upper-bound estimate of 5.8 kJ/ mol obtained from matrix annealing experiments. 18 The C-N torsional potential curve ͑right panel͒ has minima at 3 = 0°for conformer I and at 3 = ± 105°for the symmetric, nonplanar geometries of conformer IV. Comparison of the potential curves shown in Fig. 4 reiterates the fact that the torsional barrier for interconversion from the higher-energy conformers ͑III or IV͒ to conformer I is almost identical.
Despite the basic similarities of the two potential curves in Fig. 4 , the torsional eigenfunctions differ substantially. The moment of inertia for the C-N torsion ͑I 3 ͒ is approximately an order of magnitude smaller than that of the C-C torsion ͑I 1 ͒, which contributes to larger spacing between the C-N torsional eigenvalues and a greater degree of tunneling in the corresponding eigenfunctions. Furthermore, we note that the torsional barrier to IV→ I conformer interconversion is narrow in comparison to that for III→ I interconversion. Eigenfunctions exhibiting amplitude in both conformer wells ͑plotted in red͒ are found only at the very top of the interconversion barrier in the left panel, whereas they occur deeper in the conformer wells of the right panel.
B. Definition of conformer population
To simulate collision-induced conformer interconversion, we consider vibrationally inelastic scattering from the ground state of the higher-energy conformer. For example, in studying the III→ I interconversion process, the glycine molecule is prepared in the = 10 vibrational state ͑see Fig. 4͒ , and the angle-averaged transition probabilities P 10→i Ј 1 ͑E͒ are calculated for iЈ =0,1, ... ,34. Likewise, for the IV→ I interconversion process, the molecule is prepared in the =3 state, and the P 3→i Ј 3 ͑E͒ are calculated for iЈ =0,1, ... ,10. Fewer states are needed to describe IV→ I interconversion because of the larger spacing of the eigenvalues.
Having obtained the transition probabilities, we relate them to the postcollision torsional distribution
where j indicates the torsion under consideration, N j is the number of vibrational states included in the scattering calculation, and i is the ground state of the preinterconversion conformer. As was previously stated, if j = 1, then N j = 34 and i = 10, and if j = 3, then N j = 10 and i =3. The torsional distribution is integrated over the range of angles associated with conformer I to yield the total collision-induced probability of interconversion,
where the integration range corresponds to the positions of the torsional interconversion barrier peaks. That is, when j =1, ͓A , B͔ = ͓98°, 262°͔, and when j =3, ͓A , B͔ = ͓−66°, 66°͔ ͑see Fig. 4͒ . The constant in Eq. ͑10͒,
ensures that in the absence of a collision, the total probability of interconversion is zero. This term is necessary because the initial C-N torsional eigenfunction h 3 ͑ 3 ͒ has about 2% of its probability distribution in conformer I. Finally, we note that with the use of angle-dependent transition probabilities P i→i Ј j ͑E ; ⌰ , ⌽͒ in Eq. ͑9͒, it is also straightforward to calculate the angle-dependent torsional distribution j ͑ j , E ; ⌰ , ⌽͒ and the angle-dependent total probability of interconversion P j TIC ͑E ; ⌰ , ⌽͒.
Clearly, Eq. ͑10͒ is not the only possible definition of interconversion probability. We employ it because it is convenient and intuitive, but we also note that this definition allows high-energy vibrational states, which are not localized in either conformer well, to contribute to the calculated probability of interconversion. In reality, the degree to which these excited states are quenched into conformer I by subsequent collisions is a dynamical problem not addressed in the current study.
As an alternative definition, we introduce the "direct" interconversion probability
which only includes contributions to interconversion arising from quenching transitions ͑iЈ Ͻ i͒. It is evident from Fig. 4 that the lower-energy states included in direct interconversion are localized almost entirely in the conformer I potential well. A similar definition was used to describe the isomerization of HCN/HNC by Lan and Bowman. 40 Both the total interconversion probability P j TIC ͑E͒ and the more stringently defined direct interconversion probability P j DIC ͑E͒ are considered in this study.
C. Interaction potential
As in previous studies, 42 ,48 the potential of interaction V I between the colliding rare-gas atom ͑He, Ne, or Ar͒ and the atoms of glycine ͑H, C, N, and O͒ were described using simple, pairwise expansions of the form
where R i is the distance from the rare-gas atom to the glycine atom i and N is the number of atoms in glycine. For the helium collisions, the pair-interaction function V i ͑R i ͒ was calculated using
with parameters ͑A = 8.00E h and B = 2.33a 0 ͒ when i is a H atom and ͑A = 39.92E h and B = 2.01a 0 ͒ otherwise. 49 Longrange van der Waals attractions between the He and glycine atoms are expected to be negligible over the range of collision energies considered here.
For calculations involving the more polarizable Ne and Ar atoms, van der Waals interactions were included via the exponential-6 functional form
where x = R / R e and with parameters ⑀, R e , and ␣ listed inTable III. These values were obtained using the prescription described in Ref. 50 with updated experimental data.
51,52
D. Wave-packet calculations
The wave-packet calculations presented here were performed in a similar fashion to the calculations in Ref. 42 . We propagated an initial wave packet of the form
using a ͑m = 6 and n =4͒ symplectic integrator. 53 During the calculations, the wave function was absorbed at the edges of the grid to avoid unphysical reflections using a damping function of the form exp͑−␣͑R − R a ͒ 2 ͒. 54 To cut down on the size of the calculation, we used a grid point selection scheme similar to the one in Ref. 55 . Thus, we restricted our calculation to the area of the grid where the potential lay between V c ͑i͒ at small R and V c ͑o͒ at large R. Starting positions R 0 and absorption regions R a were shifted accordingly to take account of this. All calculations were performed on a Pentium IV processor using the GOTO BLAS ͑Ref. 56͒ for the matrixvector multiplications and FFTW ͑Refs. 57-59͒ for the fast Fourier transforms. The asymptotic analysis of the time-dependent calculations was done in two ways. First, we calculated energydependent reaction probabilities via the flux through a surface at a distance R f . 60 Secondly, we used the damping for the wave packet to calculate transition probabilities through a wave packet splitting technique. 61, 62 The use of both methods enabled us to check the convergence of the reaction probabilities.
The latter transition probabilities were also employed to calculate the collision times reported in this article. We use the definition of collision time provided in Ref. 42 . See Table  IV for a summary of the parameters used in the wave-packet calculations.
E. Infrared spectrum calculations
To construct the IR spectra presented in Sec. IV C, vibrational frequency calculations including anharmonic corrections were performed at the MP2 / 6-311+ + G ** level of theory for conformers I-IV of glycine. All electronic structure calculations presented in the current paper were performed using the GAUSSIAN03 package. 63 The spectra for the individual conformers were generated from the calculated anharmonic frequencies and the harmonic absorption intensities using Lorentzian functions with a full width half maximum of 5 cm −1 . Only the fundamental bands were included in the generation of these spectra.
By virtue of Beer's law, the combined absorption spectrum for a distribution of conformers can be constructed from a weighted sum of the individual conformer spectra, where the weighting factor for the spectrum of each conformer is the same as the population of that conformer in the distribution. That is, the IR spectrum corresponding to the equilibrium distribution of conformers at 0 K will simply be the same as the spectrum of the lowest-energy conformer. However, a spectrum corresponding to a more complicated distribution of conformers will be a linear combination of the individual conformer spectra. In Sec. IV C, we present spectra for two possible distributions of the glycine conformers at 438 K, where the conformer populations ͑and thus the weighting factors for the individual spectra͒ are calculated using the torsional path-integral Monte Carlo ͑TPIMC͒ method. Figure 5 presents the calculated probabilities of III→ I and IV→ I conformer interconversions due to collisions involving the He, Ne, and Ar rare-gas atoms. These total probabilities P j TIC ͑E͒, which are defined in Eq. ͑10͒, are plotted as a function of the energy of the collision ͑i.e., the initial translational energy of the rare-gas atom͒. The vertical lines indicate the torsional potential-energy barrier for the respective interconversion processes. An important initial observation from Fig. 5 is that interconversion actually does occur. Substantial Ne-and Arinduced interconversion probabilities are calculated for both processes, particularly for collision energies in excess of the torsional barrier. The He-induced interconversion probabilities show similar dependence on collision energy but are consistently smaller in magnitude. Figure 6 shows that when the direct definition of conformer interconversion is employed ͓Eq. ͑12͔͒, similar trends emerge. Conformer interconversion remains strongest for collisions involving the Ne and Ar rare-gas atoms, and neither III→ I nor IV→ I interconversion appears to be markedly favored, particularly for collision energies in excess of the torsional barrier. Because the direct interconversion probability only includes contributions from quenching transitions, it is expected that the magnitude of the probabilities in Fig. 6 is lower than those in Fig. 5 . However, the pronounced III→ I probability peaks at 300 and 250 K for the Ne and Ar collisions, respectively, are interesting and unexpected features of Fig. 6͑a͒ . These peaks resemble quantummechanical resonances between vibrational states, but inspection of the individual state-to-state transition probabilities reveals no dominant contribution. We will consider the origin of this low-energy interconversion probability later in Sec. IV B.
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IV. RESULTS AND DISCUSSION
A. Scattering calculation results
A more detailed picture of conformer interconversion is available from the angle-dependent interconversion probabilities P j TIC ͑E ; ⌰ , ⌽͒ for Ne-glycine collisions at 290 K ͓Fig. 7͑a͔͒ and 430 K ͓Fig. 7͑b͔͒. These probability plots show that only a few collision angles contribute to the angleaveraged results in Figs. 5 and 6. However, for the active angles, large probabilities of over 50% are found for both interconversion processes.
At both collision energies shown in Fig. 7 , the IV→ I interconversion probability ͑right column͒ has distinct peaks around collision angles ͑cos ⌰ , ⌽͒ = ͑0.8, 20°͒ and ͑0.2, 60°͒. The molecular illustrations show that these collision angles correspond to glancing blows of the rare-gas atom against the hydrogen atoms on the amine group. In each picture, the stricken hydrogen atom is colored black. The twisting motion of this amine group corresponds to the IV→ I interconversion coordinate ͑see Fig. 3͒ , so it is natural that excitation of this mode should lead to large interconversion probabilities.
A similar ballistic interpretation helps to explain the III→ I interconversion probabilities in the left column of Fig.  7 . At a collision energy of 430-K, the probability has distinct peaks which correspond to glancing blows against the two carbonyl oxygens ͑at ⌽ = 0°and ⌽ = 180°͒ as well as a peak at ⌽ = 90°which corresponds to a perpendicular blow to the carbonyl group. The probability peak for the perpendicular collision ͑⌽ =90°͒ disappears in the lower-energy collisions, whereas the other peaks remain relatively unchanged.
The angle dependence of the calculated collision times in Fig. 7͑c͒ clearly correlates with that of the probabilities in Figs. 7͑a͒ and 7͑b͒. Longer collision times are generally calculated at angles leading to interconversion. However, we also note that the length of the collision time appears to correlate with the type of collision that occurs. For the III→ I interconversion process, the collision time is much longer ͑6-7 ps͒ for collisions at ⌽ = 0°and ⌽ = 180°͑which cause interconversion at both 290 and 430 K͒ than at ⌽ = 90°͑which only cause interconversion at the higher energy͒. No evidence of long collision times is seen for the IV→ I interconversion process, indicating that fast collisions taking less than 4 ps occur at both 290 and 430 K.
To explore whether our calculations of collision-induced conformer interconversion are most sensitive to either ͑a͒ the mass of the rare-gas atom or ͑b͒ the potential energy of interaction between the rare-gas atom and the glycine molecule, we reconsider the angle-averaged total probability of IV→ I interconversion in Fig. 8 . Figure 8͑a͒ presents interconversion probabilities for the various interaction potentials, assuming in each case that the mass of the colliding atom is equal to that of the He atom. In Fig. 8͑b͒ , the results for the three interaction potentials are again presented, but the mass of the colliding atom is set to that of the Ne atom. Comparison of Figs. 8͑a͒ and 8͑b͒ to each other and to Fig. 5͑b͒ clearly reveals that the mass of the colliding rare-FIG. 7. Angle-dependent total interconversion probabilities for Ne-glycine collisions at energy ͑a͒ 290 K and ͑b͒ 430 K. Results for the III→ I process are in the left column; results for the IV→ I process are in the right column. The molecular diagrams illustrate collision angles corresponding to large interconversion probability. Part ͑c͒ presents the calculated collision times for the two interconversion processes.
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Miller, Clary, and Meijer J. Chem. Phys. 122, 244323 ͑2005͒ gas atom has little impact on the IV→ I conformer interconversion. The degree of interconversion is much more dependent on the interaction potential of the colliding atom, with the weakly attractive interaction potentials of the Ne and Ar atoms causing more interconversion than the purely repulsive potential of the He atom.
B. Conformer interconversion mechanisms
Comparison of the results in Figs. 5-7 reveals an interesting difference in the III→ I and IV→ I interconversion processes: The calculated III→ I probabilities appear to be sensitive to whether the collision energy is higher or lower than the torsional potential-energy barrier, whereas the IV→ I interconversion probabilities do not. In Fig. 5͑a͒ , and even more dramatically in Fig. 6͑a͒ , the energy dependence of the interconversion probability is very different for collisions with energy higher and lower than that indicated by the vertical line. No such change in energy dependence is seen in Figs. 5͑b͒ and 6͑b͒ . Furthermore, in the left column of Fig. 7 , a probability peak for III→ I interconversion at ⌽ = 90°is calculated only at the collision energy which exceeds the torsional barrier ͑430 K͒. This peak disappears for the collision energy which is lower than the torsional barrier ͑290 K͒, leaving interconversion to occur only at ⌽ = 0°and ⌽ = 180°. In the right column of this figure, the IV→ I probabilities are again insensitive to whether the collision energy exceeds the torsional barrier.
Because III→ I interconversion corresponds to rotation about the heavy C-C bond, it is likely that it proceeds via a classical mechanism. Therefore, collision-induced III→ I interconversion should occur in two regimes, determined by whether the collision energy is higher or lower than the barrier energy. In the higher-energy regime, the energy of the collision is sufficient to "knock" conformer III over the torsional barrier into conformer I. In the lower-energy regime, the collision will not be strong enough to classically surmount the barrier via purely repulsive energy transfer, so interconversion will only occur if the torsional barrier is somehow diminished by attractive interactions between the rare-gas atom and the glycine molecule. Figure 9 illustrates the lowering effect of the colliding Ar atom on the barrier to III→ I interconversion. The curves in the figure represent the sum of the C-C torsional potential v 1 ͑ 1 ͒ ͓Eq. ͑1͔͒ and the the glycine-Ar interaction potential V I ͑R , 1 ; ⌰ , ⌽͒ ͓Eqs. ͑3͒ and ͑13͔͒ for a given collision angle and various fixed values of the collision distance R. The solid curve in Fig. 9 , which corresponds to infinite separation between the glycine molecule and the colliding atom ͑R = ϱ͒, is identical to that of the C-C torsional potential presented in Fig. 4 . At R = 9.2a 0 , the van der Waals interaction between the Ar atom and the atoms of the glycine molecule stabilizes the entire torsional potential. At R = 8.3a 0 and R = 7.9a 0 , the energy of the barrier to III→ I interconversion continues to decrease, even as repulsive features at 1 = 180°and 1 = 0°/ 360°begin to emerge. Figure 9 suggests that the Ar atom substantially reduces the III→ I interconversion barrier, thus enabling interconversion at lower collision energies. It follows that the Ar atom is a catalyst for the conformer interconversion process. FIG. 8 . Angle-averaged total interconversion probabilities calculated for the IV→ I process as a function of energy. In ͑a͒, the colliding atom mass is set to that of He for all three interaction potentials. In ͑b͒, the colliding atom mass is set to that of Ne for all three interaction potentials. The agreement between the two plots indicates that the interconversion probability is more sensitive to the interaction potential than the mass of the colliding atom. In Fig. 10͑a͒ , we plot the energy of the barrier to III→ I interconversion ͑relative to the minimum potential energy of conformer III at R = ϱ͒ as a function of the collision distance R. The collision angle in Fig. 10͑a͒ is the same as was considered in Fig. 9 . As was seen before, the Ar atom reduces the III→ I interconversion barrier as it approaches the glycine molecule. In fact, at R = 6.7a 0 , we see that the barrier disappears entirely, suggesting that gas-phase collisions between Ar and glycine will facilitate some III→ I interconversion even at very low collision energies. The Ne atom is seen to have a similar, but less dramatic, effect on the interconversion barrier. The He atom, which has no attractive van der Waals term in our treatment, does not lower the barrier at all. Figure 10͑a͒ explains the nonzero probability of Ne-and Ar-induced III→ I interconversions at collision energies below that of the torsional barrier for the isolated glycine molecule ͓Figs. 5͑a͒ and 6͑a͔͒. A purely classical interconversion mechanism is made possible by the barrier-lowering effect of the van der Waals interaction between the Ne and Ar colliding atoms and the atoms of the glycine molecule. Figure  10͑a͒ also explains the complete absence of He-induced III→ I interconversion in this low-collision-energy regime ͓Figs. 5͑a͒ and 6͑a͔͒. Because the He atom does not experience attractive interactions with the atoms of the glycine molecules, it does not catalyze the interconversion process in the same way as the heavier colliding atoms.
In Fig. 10͑b͒ , we present the III→ I interconversion barrier for the approach of the rare-gas atoms from a different collision angle. For the Ne and Ar atoms, the barrierlowering effect is calculated to be smaller than was seen in Fig. 10͑a͒ .
Comparison of the Ne results in Figs. 10͑a͒ and 10͑b͒ yields a simple explanation for the energy dependence of the interconversion probability peak at ⌽ = 90°in the left column of Fig. 7 . The collision angle used to generate Fig. 10͑a͒ corresponds to the III→ I interconversion probability peak ⌽ = 180°in Fig. 7 , which is found at both collision energies ͑290 and 430 K͒. The collision angle used to generate Fig.  10͑b͒ corresponds to the probability peak ⌽ = 90°, which is found only at the higher collision energy ͑430 K͒. In Fig.   10͑a͒ , the Ne interconversion barrier drops well below the horizontal line indicating a collision energy of 290 K. It follows that interconversion should occur at ⌽ = 180°, even at the lower collision energy. However, in Fig. 10͑b͒ , the Ne interconversion barrier does not drop below 290 K, explaining the virtual absence of the ⌽ = 90°probability peak at 290 K in the left column of Fig. 7 .
Finally in Fig. 10͑c͒ , we present the effect of the colliding atom on the IV→ I interconversion barrier. The collision angle employed in this figure is ͑cos ⌰ , ⌽͒ = ͑0.2, 54°͒, which corresponds to a large Ne-induced interconversion probability at both 290 and 430 K in the right column of Fig.  7 . As in Fig. 10͑a͒ , the Ne interconversion barrier drops below the horizontal line for 290 K, indicating that a classical interconversion mechanism is available even at this lower collision energy. Again, the He atom does not give rise to any lowering of the interconversion barrier.
Given the fact that the He atom does not lower the IV→ I interconversion barrier, it is notable that substantial He-induced interconversion is calculated at collision energies below that of the interconversion barrier for the bare glycine molecule in Fig. 5͑b͒ . No classical mechanism exists for this interconversion process, since the energy of the He atom is insufficient to knock conformer IV over the barrier and the interaction potential He atom is unable to lower the barrier. All the interconversion probability observed in this lowenergy regime must therefore arise from quantum effects.
The distinctly quantum-mechanical nature of the IV→ I interconversion process is evident from the 3 vibrational energies and eigenfunctions in Fig. 4 . The torsional eigenfunctions tunnel far into the interconversion barrier, so that upon collision with a rare-gas atom, the initial vibrational state of conformer IV readily couples to energetically close conformer I vibrational states. Furthermore, the large zeropoint energy of conformer IV diminishes the effective barrier height to IV→ I interconversion. Both of these factors facilitate IV→ I interconversion and render the calculated IV→ I interconversion probabilities less sensitive to whether the collision energy is above or below the energy of the torsional barrier than the calculated III→ I interconversion probabilities. 
C. Detection of conformer IV
In the previous sections, we present evidence for the collision-induced interconversion of both conformers III and IV to conformer I. We find that the degree to which interconversion occurs is dependent on three factors: ͑1͒ the energy of collision, ͑2͒ the interaction potential between glycine and the colliding atom, and ͑3͒ the angle at which the colliding atom approaches the glycine molecule. Furthermore, based on the energy dependence of the two interconversion processes, we conclude that III→ I interconversion proceeds by classical barrier-crossing mechanisms, whereas IV→ I interconversion can also exhibit a quantum tunneling mechanism. However, the central question remains: Is conformer IV stable enough to be detected experimentally? Figure 5 shows that for most of the collision energies reported in this study, we calculate very little difference in the angle-averaged probability of interconversion for the III→ I and IV→ I processes. We now consider these results in the context of two important experimental observations: ͑1͒ When the glycine molecules are evaporated at ϳ500 K and subjected to free-jet expansion in a stream of argon gas, conformer III is not observed using microwave spectroscopy.
16 ͑2͒ When glycine molecules are evaporated at 410-440 K and deposited in a matrix of Ne, Ar, or Kr atoms on a sufficiently cold substrate ͑Ͻ13 K͒, conformer III is conclusively observed using IR spectroscopy. 18 To explain observation ͑1͒, conformer III was concluded to have undergone total interconversion during free-jet expansion in the Ar carrier gas, 17 which suggests that during expansion, glycine-Ar collisions occur at sufficient energy to facilitate III→ I interconversion. Although it is difficult to precisely relate our single-collision calculations with the multiple-collision process that occurs experimentally, we still note that our results are consistent with this observation, predicting substantial Ar-induced III→ I interconversion for collision energies at and below 500 K ͓Fig. 5͑a͔͒. Because IV→ I interconversion probabilities of similar magnitude are calculated in this range, it is not surprising to find that conformer IV was not observed after free-jet expansion, either.
Observation ͑2͒ has interesting consequences for our results. In the matrix-IR experiment, regardless of whether the glycine sample is cooled in the presence of Ne, Ar, or Kr rare-gas atoms, conformer III is still conclusively observed. This clearly indicates that substrate deposition is a more sudden cooling process ͑in the sense that less interconversion occurs͒ than free-jet expansion. In fact, because our results in Fig. 5͑a͒ show that Ar-induced interconversion remains substantial even at 100 K, it seems that the collisions relevant to matrix cooling occur at energies lower than those explicitly considered in the current study. As a result, without performing lower-energy scattering calculations, it is difficult to determine from our results whether conformer IV can be expected to survive under the conditions of Ar and Ne matrix cooling that preserve conformer III.
However, one important prediction can be made. Figure  5͑b͒ shows that the total probability of He-induced IV→ I conformer interconversion is virtually zero at 100 K. Therefore, if we ͑a͒ use the conclusion from the previous paragraph that matrix deposition cooling corresponds to collision energies below 100 K, ͑b͒ assume that cooling by deposition of molecules in He droplets is at least as sudden as matrix cooling and thus also corresponds to collisions below 100 K, [64] [65] [66] [67] [68] and ͑c͒ assume that the probability for Heinduced interconversion in Fig. 5͑b͒ remains zero for all collision energies below 100 K, we may finally predict that conformer IV is present in experiments involving the deposition of glycine molecules in He droplets.
Huisken et al. have studied the IR spectrum of glycine molecules trapped in helium droplets and only report the detection of conformers I-III. 21 However, this work focused almost exclusively on the O-H stretching frequency of the various glycine conformers. Because the −OH group is not directly involved in the intramolecular hydrogen bonds of either conformer I or conformer IV, it may be very difficult to differentiate between the two conformers using that absorption band alone. In fact, a subsequent theoretical study of the anharmonic frequencies of the various glycine conformers suggests that it would be difficult to distinguish between conformers I and IV based on any of the C v O, N-H, or O-H stretching absorption bands. 24 We illustrate the difficulty of detecting conformer IV using IR spectroscopy in Fig. 11, which shows the calculated   FIG. 11 . Infrared-absorption spectra calculated for the distribution of glycine conformers at 438 K without interconversion of conformer IV ͑top͒ and with interconversion of conformer IV ͑middle͒. The bottom curve shows the difference between these two spectra. The conformer IV symmetric −CH 2 stretch at 2875 cm −1 is well separated from other absorptions.
IR spectrum for two different populations of glycine. ͑The construction of the spectra for the figure is explained in Sec. III E.͒ The top spectrum in Fig. 11 ͓without interconversion ͑IC͔͒ corresponds to the equilibrium distribution of glycine conformers I-IV at 438 K. The calculated conformer populations at this temperature, without interconversion of conformer IV, are presented in Table I . The middle spectrum in Fig. 11 ͑with IC͒ shows the total IR spectrum of glycine at 438 K, assuming that all of the population of conformer IV has interconverted to conformer I ͑see Table I , with interconversion͒. The bottom curve shows the difference between the total IR spectrum of glycine calculated with and without the presence of conformer IV. Figure 11 shows how difficult it is to discern the presence of conformer IV from the combined IR spectrum of the glycine conformers. In particular, there is no unique indication of conformer IV in the −OH and −NH stretching regions above 3200 cm −1 . Similarly, in the C v O stretching region around 1800 cm −1 , the small calculated differences might be difficult to characterize experimentally. However, we do find at least one clear peak that uniquely corresponds to conformer IV. It is the symmetric −CH 2 stretching frequency at 2875 cm −1 . We calculate no fundamental absorption band from any other conformer within 75 cm −1 of this peak, and previous anharmonic frequency calculations also suggest that it is well separated. 24 Even when all overtone and combination bands are considered, the only absorption arising from a different conformer that is calculated within 20 cm −1 of this peak is a conformer II combination band calculated at 2879 cm −1 . Although it is not a very strong spectral feature, our calculations suggest that the fundamental absorption band for the symmetric CH 2 stretching mode at approximately 2875 cm −1 is measurable and would conclusively indicate the presence of conformer IV in a helium droplet.
V. CONCLUSIONS
Matrix-IR studies have successfully characterized conformers I-III of glycine, but conformer IV has yet to be conclusively observed. In light of its expected thermodynamic stability, the absence of conformer IV has previously been attributed to conformer interconversion during the dynamics of cooling.
To explore this problem, we present quantum dynamical calculations of the collision-induced interconversion of glycine conformers III and IV. For both conformers, there are cases for which we find substantial probabilities of interconversion. The calculated probabilities are dependent on several factors, including the energy of the collision, the strength of the glycine-atom interaction, and the angle at which the colliding atom approaches the glycine molecule. We conclude that III→ I interconversion is a classical mechanical process that is facilitated at low collision energies by the catalytic effect of the Ne-and Ar-glycine interaction potentials. For the IV→ I interconversion process, we find a similar catalytic effect as well as evidence for interconversion via quantum tunneling.
However, our calculations present little indication that conformer IV interconverts more readily than the consistently observed conformer III. Although we cannot conclusively address whether IV→ I interconversion occurs during Ne-and Ar-matrix depositions, our evidence suggests that conformer IV will be found in helium droplets. Anharmonic vibrational frequency calculations suggest that the redshifted IR-absorption band for the symmetric −CH 2 stretching mode will provide a clear indication of the elusive conformer.
The results and conclusions presented in this work are, as always, subject to the quality of the assumptions employed. In particular, the calculated interconversion probabilities are certainly dependent on the torsional potentials and the glycine-atom interaction potentials that we have used. Furthermore, the employed dynamical approximations could possibly affect the details of our calculations. Throughout the paper, we have stressed the limitations of our singlecollision treatment of collisional cooling. We also note that steering effects, non-S-wave scattering transitions, and the explicit participation of nontorsional modes during interconversion have been neglected. However, regardless of these approximations, the current paper presents a detailed theoretical treatment of collision-induced conformer interconversion that will form the basis of our future efforts to accurately describe dynamical cooling. 
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